Cold storage can extend shelf life of parasitoids for use in biocontrol. However, cold storage may have negative impacts on life history traits of the parasitoids and, therefore, on their performance as biocontrol agents. Here, we examine the effect of cold storage on life history traits of Habrobracon hebetor (Say) (Hymenoptera: Braconidae), a parasitoid of several economic lepidopteran pests. Newly emerged wasps were stored at three constant temperatures (3°C, 5°C, 7°C) for up to 4 wk. Both temperature and exposure time significantly affected longevity, parasitism, fecundity, and sex ratio. Significant reduction in longevity was observed at 3°C and 7°C, whereas longevity of wasps stored at 5°C remained stable up to the second week and then gradually decreased in Weeks 3 and 4. Parasitism rate also significantly decreased after cold storage at 3°C, 5°C, and 7°C (ranked from high to low). Fecundity decreased at T 3°C and T 5°C but this trait was not affected by storage at T 7°C. A significant shift in male production was observed at T 5°C in Week 3, but in Week 4, the only treatment with male biased reproduction was T 3°C. These results show that the effect of temperature and exposure time in cold storage is trait dependent. Overall, storage at 5°C for a period of 3 wk least impacted most life-history traits of H. hebetor wasps.
Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) was described by Zappala et al. (2013) and . In large scale inundative or classical control, mass production of the biological agent in a short period of time is required. Therefore, biological control requires mass production of beneficial insects, especially in large scale augmentative release approaches (van Lenteren and Tommasini 1999, van Lenteren 2012) . However, timing and cost of rearing beneficial insects are major obstacles to the successful performance of this method in insect pest control (Colinet and Hance 2009 ). Short shelf-life of most live organisms compared with pesticides is a big challenge to the transition from chemical to biological control. To overcome this obstacle, insects are reared according to a time schedule, so that they are available shortly before release. This method cannot cope with sudden increases or decreases in demand, limiting its applicability. Improving rearing and storage conditions can improve the shelf life of these organisms and reduce the cost of biological pest control (Colinet and Boivin 2011) .
Storage at low temperature increases the shelf-life of natural enemies and provides a steady and sufficient supply of parasitoids and other insects used in biological control programs (Leopold 1998 , Lysyk 2004 . Cold storage increases shelf life of insect colonies under laboratory conditions as well as during mass rearing of beneficial insects. It enables a provide steady supply of insects and yields flexibility and efficiency in mass production allowing synchronization of a desired developmental stage for releases (Venkatesan et al. 2000 , Chen et al. 2008 ).
To decrease development or metabolic rate in storage and extend shelf life, insects are usually stored under subambient temperatures generally above 0°C. However, even at above-freezing temperatures, the cold-mediated extension of insect shelf life is generally associated with important fitness costs (Colinet and Boivin 2011) . Cold storage can lead to high rates of mortality and negative effects on life history and behavior (Levie et al. 2005, Colinet and Boivin 2011) . Morphological symmetry, longevity, mobility, fecundity, fertility, sex ratio, mating success, offspring fitness, learning, and responsiveness to kairomones may all be negatively impacted (Riddick 2001 , Mahi et al. 2014 . Temperature and duration of exposure are the two main factors that need to be taken into account when defining a cold storage regime for a biological control agent (Lysyk 2004) .
Predicting how a particular biological control agent will be affected by cold storage is difficult. Parasitoid species have adapted to a wide range of environments, which may play a role in their cold storage response (Askari Seyahooei 2010) . Variability in the intrinsic ability of parasitoid species to tolerate low temperature causes taxonomic generalization to be unreliable (Colinet and Boivin 2011) . Due to the species-specific responses to low temperature conditions, cold storage techniques should be optimized for individual species and even different strains of the same species.
Habrobracon hebetor (Say) (Hymenoptera: Braconidae) is frequently used as biological agent for control of destructive agricultural and stored product pests, such as the flour moth, Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae), and the Indian moth, Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae) (Ghimire and Phillips 2010, Mousapour et al. 2014) . From another point of view, the usefulness of this parasitoid as biological control agent is further enhanced by its high reproductive rate, short generation time and broad host range (Gunduz and Gülel 2005) . There are several documents dealing with the effects of cold storage on F1 and F2 fitness of H. hebetor (Lopez and Botto 2005; Chen et al. 2011 Chen et al. , 2013 Yan et al. 2017 ), but few studies report the effect of cold storage on adult insect fitness. In this study, we aimed to identify optimal storage conditions with minimal impacts on the fitness of adult H. hebetor wasps.
Materials and Methods

Insect Rearing
Rearing Host Larvae The Mediterranean flour moth, E. kuehniella, was used as host for rearing the parasitoid, H. hebetor. The host was collected from the second generation of a laboratory stock in Agricultural Research Center of Hormozgan (Iran), which originated from naturally infested flour. Rearing was undertaken in plastic containers (40 × 18 cm) on 1000 g of a 2:1 mixture of wheat flour and rough wheat bran. The food was decontaminated at 60°C for 2 d and then 0.2 g of flour moth eggs were added. The containers were covered with black tissues and incubated in a climate chamber at 25 ± 1°C, 65 ± 5% RH and 16:8 (L:D) h photoperiod conditions (Leopold 1998) .
Parasitoid Rearing
H. hebetor was obtained from an artificially reared line in an insectarium at the Plant Protection Department of Agricultural Research Center of Hormozgan province (Iran) for release as a bio-control agent of Helicoverpa armigera (Hubner) (Lepidoptera: Noctuidae) in tomato fields. To prevent laboratory adaptation, this strain has been refreshed regularly with wild individuals collected from the field. The wasps were held inside ventilated clear plastic cages (7.5 × 5.5 × 9.5 cm) covered with white muslin net, on fifth instar larvae of E. kuehniella as food source. H. hebetor adults were provided with diluted honey (1:5) on cotton rolls during the course of oviposition. The climate chamber conditions for rearing H. hebetor were the same as used in rearing E. kuehniella. To obtain new parasitoids of synchronized age, two adult female and two adult male wasps were released into cages with 10 fifth instar larvae of E. kuehniella for 24 hr. After 24 hr, the wasps were removed and the parasitized larvae were incubated in a climate chamber until emergence of adult wasps. The rearing conditions were set at 25 ± 1°C, 65 ± 5% RH and 16:8 (L:D) h photoperiod.
Cold Storage Experiments
Newly emerged adult wasps were collected using an aspirator at 5 hr intervals and released inside ventilated clear plastic cages for 24 hr. These wasps were supplied with diluted honey (1:5) and were allowed to mate. After 24 hr, groups of 10 mated females of H. hebetor were transferred to test tubes. The experiment was designed as factorial with two factors: temperature and exposure time. Temperature consisted of three levels (storage at 3°C, 5°C, and 7°C) and the exposure time of five levels (control and storage for 1, 2, 3, and 4 wk). The control treatment consisted of newly emerged wasps with no cold storage experience. The experiment was performed longitudinally starting with the control and ending with 4-wk storage. The experiment was performed in 10 replicates, each consisting of 10 individuals in a tube, resulting in a total of 100 individuals per treatment. At the end of each storage period, rearing tubes were transferred to a climate chamber set at 25 ± 1°C, 65 ± 5% RH and 16:8 (L:D) h photoperiod regime.
Post-Storage Adult Longevity
To study longevity of adult wasps after cold storage, 10 tubes per treatment (storage temperature/exposure time) together with 10 tubes with newly emerged wasps as control were put in a chamber inside a climate room. The climate room was set at 25°C as ambient temperature and 65 ± 5% RH under 16:8 (L:D) h photoperiod regime. Wasps were fed by supplying diluted honey (1:5) on cotton rolls during the course of experiments and mortality of the wasps was recorded daily up to the death of the last wasp in each tube.
Parasitism Rate
To study parasitism rate, two H. hebetor females were introduced into clear plastic cages with 10 fifth larval instars of E. kuehniella. The wasps were supplied daily with diluted honey (1:5) and allowed to parasite larvae for 24 hr. At the end of each day, wasps were supplied with new hosts by transferring them to a new cage containing 10 fresh larvae. To provide the parasitism rate based on single wasp, the final value was divided by two and presented as the average parasitism rate for each wasp. This experiment was continued up to the death of last female in each tube. The parasitism rate was calculated by examining larvae under a binocular to observe the parasitoid egg or larvae on the host larvae and monitoring them until the death of host and emergence of the parasitoid wasps.
Fecundity Assessment
Fecundity was examined by counting the number of eggs laid in the parasitism rate experiment for each treatment. This data was taken daily by counting eggs deposited by female wasps on E. kuehniella larvae in each cage at the time of transferring wasps to new cages.
Sex Ratio
This data also was taken from the parasitism rate experiment by monitoring emergence of the wasps from the parasitized larvae. To do so, emerged wasps were separated by sex and the number of male and female wasps was counted at emergence in each tube.
Statistical Analysis
We applied a Weibull parametric survival regression in the free statistical software R ver. 3.1.0 (Therneau and Grambsch 2000, R Core Team 2015) to compare longevity of female wasps in various treatments. We ran post-hoc tests to compare treatments with the control or comparing two treatments with each other. The outcomes of fecundity, parasitism rate, and sex ratio experiments were compared among treatments using analysis of variance (ANOVA) by fitting linear models (GLM) in R. In the GLM model, we ran models for each parameter against the factors temperature, time period and their interactions. Models were compared using ANOVA to test the significance of treatments.
Results
Adult Longevity
Both temperature and exposure time imposed a significant differences in longevity of the stored wasps (Likelihood ratio test, χ 2 = 164.7, d.f. = 3, P < 0.001 and χ 2 = 79.64, d.f. = 3, P < 0.001, respectively). Interaction effects of the storage temperature and exposure time were not significant up to the end of the storage period (Likelihood ratio test, χ 2 = 6.49, d.f. = 6, P = 0.078). Overall, the highest longevity was observed for the control, 15.22 d followed by T 5°C (11.14 d), T 7°C (7.66 d), and T 3°C (5.12 d). From the end of the first week of storage, temperature imposed significant effects on longevity (Likelihood ratio test, χ 2 = 61.67, d.f. = 3, P < 0.001). A post-hoc Z-test revealed high longevity for control and T 5°C (15.22 and 15.77 d, respectively), but significantly reduced longevity for the other two treatments. The T 7°C (10.03 d) and T 3°C (7.32 d) treatments, statistically ranked in the second and third position, respectively (Table 1 ; Fig. 1A ). Longevity of wasps stored for 2 wk also showed significant variation among the treatments (Likelihood ratio test, χ 2 = 95.04, d.f. = 3, P < 0.001). A similar pattern with the first week in post-hoc comparison was observed in their longevity (Table 1; Fig. 1B) . After 3 wk storage, variation in longevity was again significant among the treatments (likelihood ratio test, χ 2 = 104.35, d.f. = 3, P < 0.001). Post-hoc Z-test significantly separated treatments in four groups, control, T 5°C, T 7°C, and T 3°C from high to low longevity. Analysis of longevity of the wasps at the end of the fourth week of storage again showed significant variation (Likelihood ratio test, χ 2 = 135.33, d.f. = 3, P < 0.001). The highest longevity was found at T 5°C and T 7°C and the lowest longevity at T 3°C (Table 1; Fig. 1D ).
Parasitism Rate
Parasitism rate was significantly affected by storage temperature (F 3, 242 = 7.89, P < 0.001; Table 1 ). The effect of exposure time on parasitism rate remained insignificant up to the end of the fourth week (F 3, 239 = 2.128, P = 0.097; Table 1 ). Post-hoc t-test revealed lower parasitism rate for all three storage temperatures compared with the control (88.93%). In comparing treatments, the parasitism rate ranked from low to high T 3°C, T 5°C, and T 7°C (Table 1) .
Fecundity Assessment
The effect of storage temperature on the number of progeny was significant (F 3, 242 = 2.62, P = 0.05; Table 1 ). No significant change in the fecundity of the stored wasps was observed over time up to the end of fourth week (F 3, 239 = 0.75, P = 0.51; Table 1 ). Post-hoc t-test revealed significant lower fecundities, 32.09 and 33.26, respectively for the wasps at two storage temperatures, T 3°C, (d.f. = 3, t = 2.33, P = 0.02) and T 5°C (d.f. = 3, t = 2.17, P = 0.031). Fecundity of wasps stored at T 7°C remained stable.
Sex Ratio
Sex ratio was the only trait significantly affected by both temperature and storage period and their interaction. Analysis demonstrated a significant effect for temperature (F 3, 242 = 6.53, P < 0.001; Table 1), storage period (F 3, 239 = 7.67, P < 0.001), and their interactions (F 3, 230 = 2.97, P = 0.002). Overall sex ratio of the offspring in all treatments was close to 50/50 (Table 1 ). In Weeks 3 and 4, we found a male-bias in T 5°C and T 3°C, respectively, which was not stable during the time. This resulted in significant interactions between temperature and the storage period for these treatments (d.f. = 8, Means followed by the same letter in a column are not significantly different at P < 0.05 (t-test). , 2018, Vol. 111, No. 2 Downloaded from https://academic.oup.com/jee/article-abstract/111/2/564/4838763 by guest on 13 February 2019 t = 2.46, P = 0.014 and d.f. = 8, t = 2.48, P = 0.0135, respectively). We found no significant variation in sex ratio over time in the offspring of wasps stored at 7°C.
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Discussion
The results of our experiments revealed profound effects of storage temperature and the storage period. In most treatments, the survival of stored wasps was lower than that of newly emerged wasps in the control treatment. However, storage at T 5°C did not decrease longevity compared with the control group up to the second week. From the third week on, survival of the stored wasps decreased significantly in all treatments. Survival rate ranked from high to low at T 5°C, T 7°C, and T 3°C treatments. In Week 4, survival rates of the wasps stored at T 5°C and T 7°C were very close (6.66 and 5.59 d, respectively), while the lowest survival rate was recorded for T 3°C, 3.72 d. An overall, decreasing trend of longevity in cold storage treatments suggests the effect of cold exposure on longevity is a combination of exposure duration and temperature (Kostal et al. 2004 (Kostal et al. , 2006 . Presumably, chilling injuries are cumulative with decreasing temperature and/or increasing exposure duration (Colinet and Boivin 2011) . In most cold storage experiments, survival rate decreases with storage duration (Al-Tememi and Ashfaq 2005 , Chen et al. 2011 , Colinet and Boivin 2011 . Among the treatments in our experiment, cold storage at 5°C demonstrated the best survival rate value, 15.77 d and very close to the control. Reduction of adult longevity of the H. hebetor wasps stored at the 5°C after a period of 20 d was in line with the published results by Chen et al. (2011) . Furthermore, effect of cold storage on decreasing adult longevity in both parent and offspring of Trichogramma evanescens Westwood (Hymenoptera: Trichogrammatidae) was demonstrated by Yilmaz et al. (2007) . A high reduction of adult longevity in Gonatocerus ashmeadi Girault (Hymenoptera: Mymaridae) stored at 4°C was also documented by Leopold et al. (2004) , which is in agreement with our result for storing H. hebetor at 3°C. Although cold storage slows down the metabolic rate and keeps parasitoids active for a longer period of time, decreasing survival rates over time has been documented for different parasitoids. The severity of this effect may be species and even population-specific. There are several instances in which studied parasitoids have been successfully stored at temperatures that are inappropriate for other parasitoids. For instance, Aphidius matricariae Haliday (Hymenoptera: Braconidae) was stored at 3.5°C for 3 wk without decrease of survival rate (Marwan and Tawfiq 2006) . Encarsia formosa Gahan (Hymenoptera:Aphelinidae) and Muscidifurax raptor Girault & Sanders (Hymenoptera: Pteromalidae) were stored efficiently at 4.5°C and 5°C, respectively, without harmful effects of cold storage compared with their controls (Lysyk 2004, Lopez and Botto 2005) . Parasitoid response to cold storage may vary depending on parasitoid or host species (Lysyk 2004) . Optimal storage conditions, therefore, need to be investigated locally on species or even population level to improve parasitoid viability and release success.
Parasitism rate, one of the crucial determinants of parasitoid performance in biological control, is usually quantified by supplying parasitoids with unlimited numbers of hosts and measuring the Entomology, 2018, Vol. 111, No. 2 Downloaded from https://academic.oup.com/jee/article-abstract/111/2/564/4838763 by guest on 13 February 2019 proportion of hosts parasitized (Colinet and Boivin 2011) . In the present study, no significant difference was observed between coldtreated groups and controls in terms of parasitism rate until the third week of cold storage. However, at the fourth week, parasitism rate had decreased significantly (53.33, 69.8, and 68.93% , respectively, at T 3°C, T 5°C, and T 7°C) compared with the control, 88.93%. Some studies documented reduction of parasitism rate with increasing duration of cold storage (Garcia et al. 2009 ). For instance, Chen et al. (2008) reported that increasing length of cold storage up to 70 d for H. hebetor led to a severe decline in parasitism rate of this parasitoid.
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Reproductive organs are particularly susceptible to low temperature (Denlinger and Lee 1998) . Side effects of low temperature on parasitoid reproduction were reviewed by Colinet and Boivin (2011) , who concluded that a period of cold storage resulted in reduced fecundity of parasitoids. Low temperature may affect the fecundity by delaying egg maturation or malformation of reproductive organs in insects (Colinet and Boivin 2011) . Nevertheless, results of the current study demonstrated no significant differences in reproductive performance between cold storage treatments and the control in all four studied time periods. This result is consistent with a study by Ismail et al. (2010) in which the reproductive ability of Aphidius ervi Haliday (Hymenoptera: Braconidae) was not affected by cold storage (Ismail et al. 2010) . Similar results have been reported for H. hebetor, stored at 5°C for a period of 50 d (Yilmaz et al. 2007 ). The side effect of cold storage on reproductive ability of parasitoid has been documented and it is undeniable. Therefore, to manage parasitoid application, it is crucial to understand the extent of the cold storage effect and the tolerance level of the parasitoid population.
Low temperatures may change the insect sex ratio (Denlinger and Lee 1998) . Sex ratio in this study remained balanced in all cold storage treatments without significant differences compared with the control until the second week of storage. In the third week of cold storage, the sex ratio shifted toward male production for all three cold storage treatments, but this trend was reversed in Week 4 and the only treatment with male-bias production was T3°C. Distortion of sex ratio may result from different origins, including modification of the proportion of fertilized eggs or the female reproductive strategy (Colinet and Boivin 2011) . Another factor that may affect sex ratio in haplodiploids like H. hebetor is inability of males to mate or to produce viable sperm (Lysyk 2004) . Previous studies of sex ratio in H. hebetor have indicated high variability of this parameter and yielded discrepancies between different studies. For instance, Yu et al. (2003) noted that sex ratio of stored H. hebetor was not affected by the storage conditions when the host density was ignored. In contrast, Chen et al. (2011) showed that proportion of H. hebetor females stored in cold storage was 12-32% less than control (52%) (Yilmaz et al. 2007 ). Previous studies also documented effects of different host species and host density on the sex ratio of H. hebetor (Lysyk 2004 , Chen et al. 2011 , Alam et al. 2015 .
In summary, H. hebetor females can be safely stored at 5°C up to 3 wk without crucial adverse effects on several important fitness parameters. To improve the performance of hymenopteran parasitoids, scientists must account for local adaptation. We may find some evolved life-history traits, for instance, egg load or longevity in locally adapted population which may contribute in the parasitoid performance. These potential populations may be considered as the source of valuable gene to breed high efficient parasitoid populations. To provide an efficient model for pest management using parasitoids, detailed population-specific studies in mass propagation and storage condition are highly recommended.
